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Treatment and subsequent use of Landfill gas (LFG) are garnering huge interest for both energy recovery and 
mitigation of environmental impact. This work presents the thermodynamic, kinetic and separation efficiency studies
of purifying simulated LFG (45.0 mol% CO2/CH4 binary mixture) based on hydrate crystallization approach. 
Particularly, creative synergic additives (comprise traditional hydrate promoter (tetra-n-butyl ammonium bromide, 
TBAB and tetrahydrofuran, THF) and gas solvent (dimethyl sulfoxide, DMSO)) were proposed to enhance the 
separation process. The hydrate crystallization process was conducted at a certain driving pressure with proportional 
integral derivative (PID) isochoric controller. The residual gas phase and the decomposition gas phase of the hydrate 
slurry were sampled and analyzed. Based on the above experimental data, the gas storage capacity, unit system gas 
consumed rate, gas selectivity and separation efficiency were calculated to evaluate the separation process. For the 
synergic additives with the fixed concentrations studied in this work, it was found that, the synergic additives 
(TBAB-DMSO) could not only remarkably reduce the equilibrium LFG hydrate formation pressure, but also 
accelerate the formation rate and improve the gas storage capacity of LFG through promote the solubility of CO2 and 
further enhance the selectivity of CO2 in the hydrate process. It will be of practical interest in relation to the 
development of hydrate-based gas separation and of potential importance for the industry application of gas hydrate.
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1. Introduction
Landfill gas (LFG) is currently generated through biological degradation of the biodegradable organic 
faction of waste in landfill sites and mainly consists of methane (CH4) (0.50 to 0.60 mole fraction) and 
carbon dioxide (CO2) (0.40 to 0.50 mole fraction) [1]. If the CH4 composition of LFG can be purified and 
subsequent be burned for onsite heat or power generation, LFG can also be regarded as one kind of 
renewable bioenergy resource. So the separation between CO2 and CH4 is very important in these cases.
Gas hydrate crystallization process has recently risen as a novel technology for reducing greenhouse 
effect and obtaining clean energy resources [2-15]. However, the hydrate formation rate, gas selectivity 
and gas storage capacity have been proved as the major bottlenecks for its successful application [12, 16-
18]. To overcome these grand challenges, the conventional researches focus on the hydrate promoters or 
porous medium[7, 9, 10, 19, 20]. The previous researchers proposed that a higher solubility of hydrate 
forming gas molecules in water and larger contact area between the hydrate formers and water can 
reduces the mass transfer resistance and result in a faster hydrate formation rate [2, 14, 16]. Moreover,
only there are enough gas molecules dissolution and diffusion in the water can cause the subsequently 
hydrate nuclear and growth. Consequently, this work attempted to reduce the interstitial water and 
enhance the hydrate growth rate, gas selectivity and gas storage capability through improving the gas 
dissolution and diffusion sections by physical gas solvent (dimethyl sulfoxide, DMSO) in conjunction 
with traditional hydrate promoter (tetra-n-butyl ammonium bromide, TBAB and tetrahydrofuran, THF).
2. Experimental Section
The simulated LFG (45.0 mol% CO2/CH4) were supplied by Guangdong South China Special Gases 
Technology Institute Ltd, China. TBAB, THF, and DMSO with the purity of 99.9% were supplied by 
Shanghai Sinopharm Chemical Reagent Co., Ltd, China. The experimental apparatus and experimental 
procedure used for the current study was described elsewhere [8, 11]. The gas phase samples analyses 
during the kinetic and separation procedures were performed with a Wufeng GC522 gas chromatography 
(GC) (Shanghai Wufeng Scientific Instrument CO., Ltd., China).
3. Results and Discussion
In order to investigate the effect of the synergic additive on the simulated LFG hydrate separation 
process, different additives were studied based on the thermodynamic, kinetic and separation experiments. 
All the experimental conditions and results were listed in Table 1 and plotted in Figs.1 and 2. As shown 
in Fig. 1(a), compared with pure water system, both DMSO-TBAB and DMSO-THF synergic additives
can reduce the equilibrium LFG hydrate formation pressure by above 80%. Moreover, the thermodynamic 
effect of DMSO-TBAB was better than that of DMSO-THF. Based the thermodynamic experiments, the 
simulated LFG hydrate formation processes were carried out with different additives as shown in Fig. 
1(b). It can be seen that both the unit system hydrate formation rate and gas storage capability of LFG
hydrate formation in DMSO-TBAB or DMSO-THF synergic additives are higher than that of single
TBAB or THF additive, respectively. Furthermore, the hydrate formation rate of DMSO-TBAB was 
higher than that of DMSO-THF, but the latter performed a higher gas storage capability. After the 
accomplish of hydrate formation process, the residual gas phase and the decomposition gas phase of the 
hydrate slurry were sampled and analyzed as shown in Fig. 2(a). The synergic additives DMSO-TBAB or 
DMSO-THF can richen more CO2 in the hydrate slurry and richen more CH4 in the residual gas phase 
than that of the single TBAB or THF additive. Based on the above experimental data, the gas storage 
capacity, unit system gas consumed rate, gas selectivity and separation efficiency were calculated to
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evaluate the separation process as shown in Fig. 2(b). Due to DMSO can promote the dissolution of CO2
as a gas solvent, CO2–CH4 mixture hydrate formation with DMSO-TBAB or DMSO-THF performed the 
higher CO2 recovery efficiency and the higher gas selectivity of CO2/CH4 than that of single TBAB or 
THF additive, respectively. Moreover, the DMSO-TBAB performed the higher CO2 selectivity and 
separation efficiency. Of course, it is important that have an insight in to the microcosmic structure for the 
promote mechanism, which will be presented in another work.
TABLE 1 Experimental Conditions of Landfill Gas Hydrate Formation in Different Systems.
TBABa THFb DMSOc
Td DFe IT
f
USGCRg GSCh
GSi
S.Fr.j
K Mpa min mol/min/L mol/L %
0.0234 - - 285.95 2.50 3.0 0.0356 0.7791 6.89 40.85
- 0.0556 - 284.75 2.50 8.0 0.0339 0.8254 7.51 43.61
0.0234 - 0.0165 284.45 2.50 0.8 0.0791 1.2965 14.16 59.22
- 0.0556 0.0165 283.25 2.50 1.0 0.0729 1.3433 13.45 57.36
a Tetra-n-butyl ammonium bromide mole concentration; b tetrahydrofuran mole concentration; c Dimethyl sulfoxide mole 
concentration; d Experimental temperature; e Driving force (Pexp-Peq); f Induction time; g Unit system gas consumed rate for the first 
10 min after hydrate nucleation; h Unit system Gas storage capability for the first 60 min; i Gas selectivity of CO2 over CH4 or H2 for 
the first 10 min after hydrate nucleation; j split fraction of CO2.
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Fig.1. Comparison of simulated LFG hydrate formation with different additives: (a) thermodynamic curves; and (b) kinetic curves.
THF
TBAB
DMSO-TBAB
DMSO-THF
--
0 10 20 30 40 50 60 70 80 90
CO2 composition (mol %)
A
dd
iti
ve
s
Hydrate slurry
Residual gas
THF TBAB DMSO-TBAB DMSO-THF
0.5
0.6
0.7
0.8
0.9 THF TBAB DMSO-TBAB DMSO-THF
30
40
50
60
70
Additives
R
ec
ov
er
y 
ef
fic
ei
nc
y 
(%
)
6
8
10
12
G
as selectivity (n
C
O
2 /n
C
H
4 )
G
as
 s
to
ra
ge
 c
ap
ab
ili
ty
 (m
ol
/L
)
Additives
˄ a˅ ˄ b˅
Fig. 2. Comparison of the effects of different additives on the simulated LFG hydrate formation process: (a) the changes of phase 
compositions; and (b) the gas storage capability, gas selectivity and separation efficiency.
 Zhi-Ming Xia et al. /  Energy Procedia  61 ( 2014 )  450 – 454 453
4. Conclusion
New creative synergic additives (comprise traditional hydrate promoter (tetra-n-butyl ammonium 
bromide, TBAB and tetrahydrofuran, THF) and gas solvent (dimethyl sulfoxide, DMSO)) were proposed 
to enhance the hydrate-based simulated LFG separation process. It is worthy noted that, compared with 
the pure water or single THF or TBAB, the synergic additives (DMSO + THF or DMSO + TBAB) can 
not only remarkably reduce the equilibrium hydrate formation pressure, but also accelerate the formation 
rate, enhance the CO2 selectivity, and improve the gas storage capacity of simulated landfill gas mixture
hydrate. It will be of practical interest in relation to the development of hydrate-based gas separation and 
of potential importance for the industry application of gas hydrate.
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